We look at the drying process in a simple glass channel with dominant capillary effects as is the case in microfluidics. We find drying kinetics commonly observed for confined geometry, namely a constant period followed by a falling rate period. From visualization of the air/water interface with high resolution, we observe that the drying rate decreases without a drying front progression although this is the usually accepted mechanism for confined geometries. We show with FEM that in our specific geometry the falling rate period is due to changes in the shape of the air-water interface at the free surface where most evaporation occurs. Our simulations show that the sensitivity of the drying rate to the shape of the first air-water interface from the sample free surface implies that slight changes of the wetting or pinning conditions can significantly modify the drying rate.
In [10, 11, 13] the subsequent decrease of the drying rate 25 was associated with a depinning of the liquid films from 26 the free surface resulting from gravitational and viscous 27 effects. The high wettability of the solid by the fluid is 28 necessary for water to stay in channel edges as water wets 29 more surfaces. If the contact angle is too high, films are 30 geometrically impossible in a right angle corner [10, 14] ; 31 in this situation drying is a slow diffusive process as in 32 cylindrical tube. Therefore water distribution is very sen-33 sitive to wetting or pinning conditions and can modify the 34 drying kinetics. 35 Drying from 3D porous media exhibits some similar-36 ity with drying from simple channels [13, 15, 11, 16] , but 37 it is much more difficult to relate the exact shape of the 38 air-liquid interface to the drying rate. Sophisticated 3D 39 imaging tools such as MRI indicate that when a dry front 40 develops the drying rate decreases; but the resolution is 41 not sufficient to determine the distribution of water within 42 individual pores [17] [18] [19] . Other studies investigated the 43 wetting of porous media [20] [21] [22] without providing much 44 insight into the impact of the exact shape of the liquid-air 45 interface on the drying rate. 46 It is useful to recall the drying principles of hydrophilic 47 confined geometries [13, [23] [24] [25] [26] . Regardless of the com-48 plexity of the material structure (from square capillary 49 to soils) two main stages of drying are observed for an 50 initially water-saturated device. The basic physical origin 51 of these regimes is as follows: the channel cross section is not perfectly rectangular (see 87 fig. 1b). The glass is cleaned with Isopropanol, and the 88 contact angle is small, between 5 • and 10 • . Accordingly 89 when the channel is in contact with deionized water it is 90 filled due to capillary suction. Once filled with water, one 91 of the channel ends is closed off with epoxy glue such that 92 evaporation only occurs at the other end. 93 94 We tracked the drying process of the filled horizontal 95 glass channel using two separate measurements, which are 96 imaging and weighing. For both experiments the temper-97 ature was held at 25 • C and the relative humidity at 50% 98 by flowing air at a rate of 10 mL/min across the channel 99 opening. The rate of evaporation was recorded by taking 100 the mass every 25 seconds using a TGA (thermogravimet-101 ric analysis from Texas Instruments). We obtain the mean 102 saturation φ = V water /V water ini from the ratio of the water 103 current mass to its initial mass. The noise is of the order 104 of 0.2 μg and the initial water mass m water ini ≈ 1 mg, 105 therefore the saturation is obtained with an accuracy of φ ≈ 2 · 10 −4 . Here we exemplify the repeatability and 107 the uncertainty through a comparison between the re-108 sults on two samples. In a separate experiment we im-109 aged the channel every 10 seconds with a microscope in 110 transmission mode. We measure φ from the position of 111 the air/water interfaces as observed from above which ne-112 glects the out-of-plane curvature. Due to this approxima-113 tion, lensing effects of the interface and limited pixel res-114 olution (4.3 μm), the optical values of the saturation are 115 significantly less accurate than those obtained from weigh-116 ing. 
Drying conditions and measurements

Finite element modeling 118
To understand the drying kinetics, we model the local 119 evaporation from the air/water interface by calculating 120 the vapor density field, n, implementing 2D FEM using 121 MATLAB. We use the function "adaptmesh" to generate 122 the mesh and refine triangles with high vapor gradients. 123 The air-water interface is shown as a solid black curve, and the dashed lines indicate no-flux boundary conditions. The humidity is fixed at 50% for the gray curve, which is a distance delta away from the channel. F is the local evaporation from the interface and the drying rate J is the flux of water vapor through the channel entrance.
The 2D geometry is justified by the large aspect ratio of Initially the channel is completely filled with water (satu-156 ration φ = 1) and over time the air/water interface curves 157 inwards due to water loss from evaporation, while water 158 remains pinned at both edges of the entrance (see fig. 3a ). 159 As drying proceeds a finger invades the channel (see the 160 schematic in fig. 1 and fig. 3b-d ). The main meniscus keeps 161 a constant shape (approximately a half-circle of radius 162 r c = 0.6 mm) and progresses with a constant speed to-163 wards the end of the channel, leaving behind two water 164 layers of constant thickness w = 0.4 mm along the chan-165 nel edges (see fig. 3c-d ). Behind the fingertip air occupies 166 60% of the cross-section. Accordingly, once the saturation 167 has dropped to 0.4 the fingertip has reached the chan-168 nel end the two water layers begin to thin uniformly (see 169 fig. 3e-f). As w becomes of the order of the channel height, 170 H = 100 μm, the films are difficult to discern, as shown in 171 fig. 3g .
172
For each position along channel axis, we measure the 173 distance between the interface and the channel edge as 174 the shortest distance separating the two black lines on 175 the upper half of images of fig. 3 . In the drying process we 176 observe three characteristic profile shapes which evolve in 177 a self-similar fashion. Starting from the back of the chan-178 nel, these are: the main meniscus, the thin films at the 179 sides and the entrance profile. The main meniscus has a 180 characteristic curved profile, resembling a finger, which 181 advances into the channel (see fig. 3b -d). As the finger ad-182 vances, the side films increase in length while maintaining 183 their width w ≈ 0.38 mm and film thickness is constant for 184 x > 0.4 mm as shown for the times 17-103 min in fig. 4a . 185 As the water films shrink, the entrance profile curves fur-186 ther into the channel and constant thickness is established 187 sooner (at x ≈ 0.1 mm for 163 min, see fig. 4b ). Moreover 188 at 163 min the interface has receded by tenths of microns 189 from the entrance of the tube. The mass measurements are sufficiently accurate to allow 192 differentiation for obtaining the evaporation rate, which 193 is shown as a function of saturation in fig. 5 . However the 194 derivation procedure tends to increase the impact of data 195 fluctuations. This explains that the final uncertainty on 196 drying rate is of the order of 10% (see an example of two 197 results for the same experiment in fig. 5 ). Using image 198 analysis to determine the water volume we also obtain 199 the evaporation for shorter times, which is shown as gray 200 curve in fig. 5 . The agreement between these two types 201 of measurement is good over the range φ = 0.5 to 0.9. 202 Accurate measurements at φ = 1 are difficult, but initially 203 it is clear that the drying rate decreases by more than 204 30% between φ = 1 and 0.9. The majority of the water 205 evaporates at a constant drying rate, defining the CRP for 206 φ = 0.3 to 0.9. For lower water saturations, φ < 0.3 the 207 evaporation rate decreases to zero. The drying rate starts 208 to decrease around φ = 0.3-0.25 then there is a sharp 209 decrease in the range φ = 0.2-0.1. 211 We implement the 2D FEM scheme for the interfaces ex-212 tracted from the channel images (see fig. 3 ) and obtain the 213 field of relative humidity in channel air space (see fig. 6 ).
FEM using experimentally observed interfaces
214
At the beginning, the interface is almost straight at the 215 free surface ( fig. 6a ) and the vapor gradient is uniform.
216
As the air finger enters ( fig. 6b ), the air close to the main 217 meniscus is saturated with water vapor. When the main 218 meniscus progresses, the air is saturated with water va-219 por for x > 1.5-2 mm, the liquid water is at equilibrium 220 with the air (fig. 6c ). Close to the entrance, the gradient 221 of vapor density is high and so is the local evaporation.
222
The drying rate computed from the 2D FEM, J, re- 4 Analysis of the different drying regimes 230 We perform a comprehensive analysis of the drying pro-231 cess based upon image analysis and TGA measurements 232 coupled with 2D FEM simulations to study the physical 233 origin of the successive evaporation regimes. 
However we do not have reliable data concerning the dry-243 ing rate in the very first times of a test. In order to deter-244 mine the value of δ we compare the drying rate drying rate 1 245 J CRP predicted from simulations during the CRP (i.e. at 246 68 min, see below), using the observed shape of the in-247 terface at that time, to the drying rate measured in that 248 regime. We find δ = 5 · 10 −5 m, and we deduce from (1) 249 that the drying rate at the very beginning of the test, rapidly drops off as the interface starts to become con-262 cave: it is already close to the CRP drying rate after a 263 small decrease of saturation. The Constant rate period (CRP) starts at about 15 min-266 utes and extends from a saturation of 0.9 down to around 267 0.25, making it the dominant feature of the drying rate 268 curve shown in fig. 5 . The air finger is established roughly 269 when its length is comparable to its width. Thus we esti-270 mate that the transition to CRP occurs at a saturation 271
. In our geometry, we obtain 272 φ = 0.9 in very good agreement with observations. More-273 over if the channel length is increased, this transition will 274 occur at a saturation closer to 1.
275
During this regime a growing finger penetrates deeper 276 into the channel while preserving the interfacial shape at 277 the entrance of the channel (see fig. 3 ). Capillarity pumps 278 water from the reservoir behind the finger to the entrance 279 where evaporation is primarily occurring [23, 15, 16, 10] . 280 Below we first demonstrate that in CRP viscous dissi-281 pation has a negligible effect on drying, thus capillarity 282 set the water distribution. Then we show that a constant 283 curvature sets the shape of the air/water interface.
284
The pressure drop due to viscous flow through the side 285 films depends on the mean velocity of the flowing water, 286 which can be approximated using
where w is the width and H the height (see fig. 8a-b) . 288 Accordingly the viscous pressure drop along the side film 289 is of the order of
where μ is the viscosity. This pressure drop causes a 291 change in the interfacial curvature of the film. Because the 292 wetting angle is close to zero, and the in-plane curvature is 293 zero, the scale of the pressure as given by Laplace's law is 294 p c ∼ γ H ∼ 1 kPa where γ is the surface tension. Therefore 295 the Laplace pressure is order of magnitude larger than the 296 stress associated with viscous flow. Exact computations of 297 the flow [14, 27] suggest that the viscous pressure is 100 298 times higher than in eq. (3) but still much smaller than 299 the capillary pressure. Meter long channels are required 300 for viscous dissipation to be of the same order as capillary 301 pressure. Thus changes in curvature due to viscous flow are 302 negligible compared to the mean curvature. Consequently 303 in this regime the air/water interface has a constant cur-304 vature. Thus the water distribution is at equilibrium and 305 set by the capillarity.
306
The interface observed in CRP has two dominant fea-307 tures, which are the circular concave fingertip and the two 308 side layers. Over time the fingertip moves towards the end 309 of the channel while preserving its shape, and the two side 310 layers maintain their thickness, as shown in fig. 4 . The in-311 terface shape is set by the channel cross-sectional shape, 312 Fig. 6 . Fields of relative humidity n/n0 for the observed air/water interfaces as shown in fig. 3 (axes scale is millimeter). The air is saturated with water at the air/water interface and n/n0 = 50% at a distance δ from the channel entrance (light gray); as shown in fig. 2 . The gray scale is common to all figures. The black lines indicate curves of iso-humidity (80, 90 or 99%). the small wetting angle and a constant mean curvature as 313 shown in fig. 7a-b . 314 The water distribution is different from the one ob-315 served in a square cross-section channel where four water 316 films are in each of the corners [13, 11] . Since in CRP the 317 curvature is constant we can describe the shape of the 318 interface by taking into account channel geometry [28] . 319 Thus the sum of the in-plane curvature and the out-of-320 plane curvature 1 rxy + 1 ryz is constant because due to the 321 small wetting angle the second radius is half the channel 322 height, r yz ≈ h 2 .
323
As illustrated in fig. 1a and measured with SEM, 324 the spacing is larger (H max = 115 μm) in the center 325 and narrower (H min = 95 μm) at the edges. We con-326 sider that the variation is linear from the edge to the 327 center, as shown in fig. 1b . We can calculate the curva- 
w is then the solution of a quadratic equation and depends 353 on the slope a and the aspect ratio W Hmin (see fig. 7c ). A 354 given geometry is characterized by (a, W Hmin ) which accept 355 a unique films thickness w setting a constant curvature at 356 the main meniscus and the films. A negative value for w 357 means that water is only present in the 4 corners where 358 air/water interface can adjust its curvature (see fig. 7b ). 359 In our geometry, W Hmin = 21 and a = 2 · 10 −2 , we obtain 360 w = 0.4 mm in very good agreement with our observations 361 (see fig. 4 ). The same slope a with W Hmin = 10 would lead 362 to w < 0. As a is close to 0, the spacing is constant and 363 films curvature is constant with thickness thus w < 0. 364 As the section gets closer to a square, W Hmin approaches 365 1, there are no values for a where w > 0 and the water 366 is always in 4 corners films in agreement with previous 367 observations [10] . For high aspect ratio, the films are very 368 likely, indeed the smallest a such as w > 0 scales with 369 Hmin W .
370
To gain further insight into the evaporation process, 371 we perform numerical simulations where the evaporation 372 flux is calculated for a given shape. We implement the 2D 373 FEM scheme for the interfaces extracted from the chan-374 nel images of air/water interface and obtain the field of 375 relative humidity in channel air space (see fig. 6 ). At the 376 beginning, the interface is almost straight at the free sur-377 face ( fig. 6a ) and the vapor gradient is uniform. As the 378 main meniscus progresses the air is saturated with water 379 vapor for x > 1.5-2 mm, the liquid water is at equilib-380 rium with the air (fig. 6c ). During the progression of the 381 main meniscus, the computed drying rate J remains con-382 stant as the measured drying rate (see fig. 5 ). The field 383 of vapor density n inside the channel shows that the air 384 close to the main meniscus is saturated with water vapor 385 (n > 0.99 · n 0 ) as soon as the shape of the air/water inter- contact line [29] . Moreover it creates a screening effect in 401 our confined geometry inhibiting evaporation from inside 402 air/water interface. continuous we should have an immediate supply of water
The high contribution to evaporation of the interface 460 close to the free surface of the sample also implies that the 461 thickness of the liquid layers beyond the entrance length 462 has no impact on the drying rate. Since our experimental 463 data show a strong decrease of the drying rate in a regime 464 where the film thickness decreases and the air/water inter-465 face shape evolves, we consider two simple configurations 466 based on the water layer thickness w and the angle α, i.e. 467 the slope of the interface from the entrance (see schemat-468 ics in fig. 9 ). These unrealistic shapes do not represent the 469 evolution of observed interfaces, nevertheless we use them 470 to understand the influence of these two parameters on 471 the drying rate independently.
472
As the film thickness (w) decreases, the local evapora-473 tion F in the channel has a peak at the entrance and de-474 cays exponentially with a length scaling with the air layer 475 r c = W/2 − w (see fig. 9a ) which is consistent with 1D 476 diffusion model [11] . The drying rate J decreases linearly 477 with w and the saturation, taken as φ = 2w W ; J reaches a 478 minimum value J 1 ≈ 0.2 · J 0 as w → 0 (see fig. 9c ). The 479 variation of w is not sufficient to explain the observed de-480 crease of the drying rate in the FRP. Keeping w constant, 481 the variation of the slope α has a dramatic impact on the 482 drying rate. J is divided by 2 as α decreases from 90 • to 483 70 • corresponding to a small decrease of the mean water 484 saturation (see fig. 9c ). Thus the change of angle α and 485 variation of the interface at the entrance may explain the 486 decrease of drying rate in a short range of saturation. As 487 α → 0 • , J reaches the same value J 1 as for decreasing w. 488 More generally, J −J 1 is proportional to w. For different w, 489 evolution of (J − J 1 )/w with α collapses with cotan(α) · w, 490 the distance of junction between the slope and the con-491 stant thickness region (see fig. 9b ). The decrease of the 492 drying rate extends to a distance cotan(α) · w ≈ W . Thus 493 as the entrance region extends over a distance larger than 494 the width of the tube, the drying rate is constant at J 1 495 independently of w and α. 496 As w < H eq. (3) underestimates the viscous dissi-497 pation which now depends on the corners sharpness [13, 498 11,27,14] . The progression of a drying front seems to de-499 scribe well the drying kinetics until the very low saturation 500 φ ≈ 10 −4 which is the accuracy limit of our mass mea-501 surements. This decrease of the drying rate occurs only at 502 extremely low saturation and after a first relatively long 503 period of falling rate, therefore it is not significant in the 504 drying kinetics of our geometry. By combining direct images, mass measurements and 507 FEM analysis we offer an alternative picture for the evap-508 oration process in narrow glass channels. The drying dy-509 namics are set by the shape of the air/water interface 510 and is localised close to the free surface until the last 511 stage where the channel is covered by a very thin film. 512 Accordingly slight changes of the entrance geometry and 513 water distribution at the entrance significantly modify the 514 drying rate. This is contrary to the classical picture that 515 [15, 16] and to transport elements towards the free 537 surface [17, 18] . As water content decreases, films become 538 thinner and viscous dissipation increases. When viscous 539 dissipation is too high γ/a < μψL/k, the water evaporat-540 ing close to the free surface is not replaced and a drying 541 front invades the porous medium. Hence the evaporation 542 rate diminishes because water needs to diffuse from drying 543 front to the free surface. In our geometry viscous dissipa-544 tion is always small compared to capillary pressure and 545 we demonstrate that the Falling Rate Period does not re-546 quire a receding front. The general process of FRP is not 547 invalidated by our results but we show a mechanism that 548 may apply to some configurations of porous media where 549 it is possible to decrease the drying rate as capillarity is 550 still dominant. Some channel characteristics can be con-551 verted to those used for porous media like the permeability 552 or the capillary pressure; but geometrical parameters (as-553 pect ratio) are not clearly defined in a porous structure. 554 Two parameters can be identified: the wettability of the 555 solid for the shape of the air/water interface and the ra-556 tio of the diffusion length to the pore size for the drying 557 conditions.
558
The wetting angle is an important parameter of dry-559 ing in a porous media, it modifies the amplitude of the 560 capillary forces and thus of the pumping mechanism pro-561 viding water to the free surface. Moreover the contact an-562 gle sets the water distribution at capillary equilibrium as 563
